• Several cytochromes P450 (CYPs) have been implicated in the metabolism of methadone, but there is no consensus on their relative contributions to overall disposition and hence variability in response.
Introduction
Methadone continues to play a significant role in maintenance treatment of opioid addiction.Many [1-9] but not all [10, 11] controlled clinical trials have demonstrated a relationship between the daily dose of methadone and the outcome of treatment. Given this relationship, a similar, if not stronger correlation between plasma methadone concentration and effect might be expected. A relationship between methadone dose and trough plasma concentration has been established by meta-analysis [12] . However, because of the large interindividual variability in the metabolism of methadone, dose may explain only a small proportion (<50%) of the variation in its plasma concentration [12] .
Methadone is eliminated mainly by hepatic metabolic clearance, followed by renal and faecal excretion of its metabolites [13] . The parent compound also undergoes urine pH-dependent renal excretion, and although at typical urinary pH renal clearance constitutes <1% of the overall clearance, at lower urinary pH renal excretion of unchanged methadone increases substantially [14] [15] [16] . As a drug with a low extraction ratio [17] , the hepatic clearance of methadone following intravenous (i.v.) administration is dependent on its unbound fraction and intrinsic clearance [13] . These factors also determine the oral clearance of methadone, with additional roles for gut metabolism and, potentially, efflux transporters.
In vitro and/or in vivo studies have suggested that CYPs 3A4 , 2D6 [18, 19, 21, 23, [41] [42] [43] , 1A2 [44, 45] , 2B6 [41, 46] and 2C19 [21] are involved in the metabolism of methadone.Although there is no consensus on the relative contributions of each enzyme to the overall disposition of methadone [21, 47] , CYP3A4 appears to be the most important. Hepatic CYP3A4 displays up to 30-fold variability in its activity and its abundance in the gut varies 11-fold [48] .
The aim of this study was to define the contribution of the activities of different CYPs, urine pH, current drug abuse, duration of addiction before starting methadone maintenance therapy (MMT) and duration of MMT on the disposition of rac-methadone and its enantiomers during chronic dosing under real-world administration conditions.
Methods

Subjects
Subjects were recruited to the study over a period of 17 months during routine visits to the MMT clinic (Sheffield Care Trust Substance Misuse Services). All gave written informed consent to participate.There were no restrictions on age, sex, weight and ethnic background. However, patients who were pregnant or HIV seropositive were excluded. A total of 88 patients (58 male; 21-55 years; 84 White) were studied.The patients in the study took methadone with other probe drugs [midazolam, caffeine and dextromethorphan (DEX)] simultaneously. All subjects participated in each of the arms of the study. However, due to problems such as poor venous access (as a result of chronic i.v. drug use) and dry mouth, not all intended blood, urine and saliva samples could be obtained from all subjects. The activities of CYP2D6, CYP1A2 and CYP3A4 were determined in 44 (29 male; 23-55 years), 44 (28 male; 23-55 years, all smokers) and 49 (33 male; 21-55 years) patients, respectively. All three CYP activities were determined in 32 patients. The daily dose of methadone was variable (15-130 mg) and had been determined based on clinical needs as identified by the prescribers. Thus, the study had no intervention with respect to regular doses that patients were receiving. Duration of addiction before starting MMT varied from 48 to 108 months, and duration of MMT was 28-60 months. All the methadone dose intakes were monitored on the study day; however, prior intake of methadone dose had not been witnessed by the dispensing pharmacist for all of the subjects. The study was approved by the Research Ethics Committee of North Sheffield. 
Chemicals and drugs
Assessment of CYP activities
The study was conducted on the day that the subjects received their weekly prescription for methadone. Although the assessment of CYP1A2 activity is not affected by residual caffeine present in saliva (see below), patients were asked to abstain from caffeine-containing food and beverages for 24 h prior to the study. Predose samples of blood and urine were collected. Subjects then took their dose of methadone, capsules containing 7.5 mg of midazolam and 15 mg of immediate-release DEX, drank a cup of coffee (approximately 57 mg of caffeine) and rinsed their mouth with 200 ml of tap water. During the following 5 h, three saliva samples (approximately at 2, 4 and 5 h) were collected in sterile propylene tubes and three venous blood samples (approximately at 1.9, 3 and 5.3 h) were collected in heparinized Monovette® tubes.The exact time was noted in all cases for pharmacokinetic analysis. After centrifugation of the blood for 5 min (1000 g), the plasma was transferred to sterile propylene tubes. All samples were incubated for 30 min in a 58°C preheated water bath to deactivate any HIV. They were then stored at -25°C pending assay.
Plasma concentrations of midazolam were assayed by liquid chromatography/mass spectrometry (LC/MS) [49] . The limit of determination was 0.65 ng ml -1 , and the intraday assay coefficients of variations were Յ8%. The oral clearance of midazolam was used as an index of the combined activity of gut and liver CYP3A activity [50, 51] .
DEX and dextrorphan (DOR) were assayed by the method of Chen et al. [52] with minor modifications. The limits of determination were 0.3 ng ml -1 and 0.1 ng ml -1 for DEX and DOR, respectively, and intra-and interday assay coefficients of variation were Յ15%. The ratio of DEX/DOR in plasma at 3 h after dosing was used as the index of CYP2D6 activity [53] [54] [55] [56] .
Caffeine was assayed by the method of O'Connell et al. [57] .The limit of determination was 0.06 mg ml -1 , and intraand interday assay coefficients of variation were Յ15%. The elimination half-life of caffeine in saliva (corrected for residual caffeine [58] ) was used as the index of CYP1A2 activity.
Detection of drugs of abuse
As part of routine monitoring, urinalyses were carried out for common drugs of abuse in the Department of Clinical Chemistry, Royal Hallamshire Hospital, Sheffield, UK. The procedure involves an initial screen using an enzymemultiplied immunoassay technique and then confirmation using gas chromatography -mass spectrometry (GC -MS) techniques.
Measurement of urine pH
Urine was collected over 3 h after dosage in sterile propylene tubes and its pH measured immediately using a portable HI-8424 pH meter (Hanna Instrument, Scientific Laboratory Supplies Ltd, Nottingham, UK). The coefficient of variation of repeated measurement of the pH of the same sample was <3%.
Analysis of (RS)-, (R)-and (S)-methadone
Total plasma concentrations of (rac)-methadone and its enantiomers were determined by LC-MS [59] . Unbound plasma concentrations of (R)-and (S)-methadone were determined after ultrafiltration as described previously [59] . The limits of determination of (RS)-methadone in plasma, (R)-methadone in plasma ultrafiltrate, (S)-methadone in plasma ultrafiltrate, and total (free + bound) (R)-methadone and (S)-methadone were 0.08, 0.04, 0.20, 0.27 and 0.10 ng ml -1 , respectively. Intra-and interday assay coefficients of variation ranged from 0.8 to 18%.
Pharmacokinetic analysis
A population pharmacokinetic analysis was done using P-Pharm software (version 1.5; InnaPhase, Ceretil, France). Various models were fitted to each dataset,and selection of the final model was based on the lowest value of the Akaike Information Criteria and visual inspection of residuals for systematic error. Initial estimates of the pharmacokinetics parameters were derived from values reported in the literature or by using a simplex method within P-Pharm.
Midazolam A two-compartment model was found to be suitable in which oral clearance (CL/F), apparent volume of distribution (V/F), the absorption rate constant (ka), and the transfer rate constants (k12 and k21) were the primary parameters. Log normal distributions were assumed for all parameters.
Caffeine The elimination half-life (t1/2) of caffeine was estimated on the basis of a one-compartment user-defined model with first-order input that accounted for an unknown initial concentration in each individual. Since many predose samples contained residual caffeine, correction was required for these initial concentrations.These are described in the Appendix.
Methadone Various population pharmacokinetic models with first-order input and one or two compartmental disposition kinetics were examined under two assumptions:
1 Full compliance with the timing of administration (classical steady-state equations for one and two compartmental kinetics with first-order absorption). 2 No prior information regarding compliance and only accounting residual concentrations from an unknown previous dose under the assumption that at the time of methadone dose intake the concentration of methadone in plasma is at the post-distribution phase of the kinetics of the previous dose. Both one and two compartmental kinetics models were developed as user-defined models and implemented in P-Pharm software package (version 1.5; InnaPhase, Ceretil, France). All initial estimates of the parameter values were obtained from the literature [60] . A heteroscedastic (1/y 2 ) error model was used and parameter distribution was assumed to be lognormal. See Appendix.
Statistical analysis
Statistical testing were carried out using SPSS for Windows (v.12; SPSS Inc., Chicago, IL, USA) and included multiple linear regression to reveal trends in the population data, ANOVA and paired sample t-tests and two-tailed Wilcoxon matched pairs signed-rank tests for comparing mean values. P < 0.05 was considered to indicate statistical significance.
Results
Urinalysis was positive for trazodone, dihydrocodeine, 6-monoacetylmorphine, codeine, morphine, benzodiazepines, cannabinoids, cocaine, amphetamines and barbiturates, in four (4%), two (2%), nine (10%), 37 (41%), 57 (63%), 60 (67%), 34 (38%), 29 (32%), three (3%) and three (3%) patients, respectively.
Mean (ϮSD) values of the plasma DEX/DOR ratio (Figure 1a) , the salivary t1/2 of caffeine (Figure 1b) and the oral clearance of midazolam ( Figure 1c) were 0.90 (Ϯ2.35), 1.75 (Ϯ0.27) h -1 , and 47.8 (Ϯ8.3) l h -1 , respectively. When corrected for body weight, midazolam clearance was higher in women than in men (P = 0.04).
Multiple regression analysis revealed that 61-68% of the variation in total trough plasma concentrations of (RS)-, (R)-and (S)-methadone was explained by dose, duration of addiction, and CYP3A activity, with dose explaining the largest proportion (Table 1) . CYP3A activity accounted for 7, 8 and 8% of the variation in total trough plasma concentrations of (RS)-, (R)-and (S)-methadone, respectively (Table 1) . Trough plasma concentrations of methadone increased with increasing dosage, and decreased with increasing CYP3A activity and duration of opiate addiction (Table 2) . Trough plasma concentrations of (RS)-and (S)-methadone were lower in MMT patients who abused morphine, accounting for the effects of all other covariates within the multiple regression (P Ն 0.001).
There was no significant contribution from other potential covariates, specifically CYP2D6 activity, CYP1A2 activity, weight, age, sex, duration of addiction, duration of MMT and use of other abused drugs.
Multiple regression analysis revealed that 15-36% of the variation in the oral clearances of (RS)-, (R)-and (S)-methadone was explained by two variables, namely CYP3A4 activity and the illegal use of morphine (Table 3) . CYP3A activity accounted for 22, 16, 15 and 23% of the variation in the clearances of unbound (R)-, unbound (S)-, total (RS)-methadone and total (S)-methadone, respectively. The use of morphine explained 14 and 10% of the variation in the clearances of unbound (R)-and unbound Table 1 Results of regression analysis to determine the contributions of covariates to variability in trough total plasma concentrations of (RS)-, (R)-and (S)-methadone in methadone maintenance therapy patients Table 2 Regression equations describing relationships between trough total plasma concentrations (TPC) of ( (S)-methadone, respectively. There was no significant contribution from other potential covariates, namely methadone dose, weight, age, sex, CYP2D6 activity, CYP1A2 activity, urine pH, duration of addiction, duration of MMT and use of other abused drugs, to methadone clearance. The oral clearance of methadone increased with increasing CYP3A activity, which contributed more to the metabolism of unbound (R)-methadone than to that of unbound (S)-methadone (Table 4 ). The oral clearance of unbound (R)-methadone was greater in MMT patients who abused morphine.
Covariate (RS)-(R)-(S)-
Dose of methadone
Discussion
Consistent with previous reports [61] [62] [63] [64] [65] [66] , our findings indicate statistically significant relationships between dose and trough concentrations of (RS)-methadone, (R)-methadone and (S)-methadone. Eap et al. [62] have shown that dose explains <50% of the variability in concentration of (R)-methadone, even in patients not receiving co-medication. In the present study, 25-29% of the variation in total trough plasma concentration of (RS)-, (R)-and (S)-methadone was explained by dose. A factor that might explain the lower correlation coefficients found in the present study might be compliance. Although all the dose intakes for the purpose of this study (at the time taking the other probe substrates) were monitored, prior intake of methadone dose had not been witnessed by the dispensing pharmacist in 51% of our subjects.
Many reports suggest that CYP3A is mainly responsible for the metabolism of methadone , some indicate that both CYP3A4 and CYP2B6 have major influence, and CYP2D6 is considered to make a minor contribution [41, 46] . CYP3A exhibits marked interindividual variability in catalytic activity [48] .Therefore, it has been suggested that the determination of CYP3A activity prior to methadone administration could help to predict optimal doses under steady-state conditions [31, 67] . The results of the present study question this suggestion, in that a rather modest contribution of CYP3A to methadone disposition was observed. This is in agreement with the observation of a low correlation between the 1′-hydroxy midazolam/ midazolam metabolic ratio and (R)-, (S)-and (RS)-methadone plasma concentrations [41] . Shinderman et al.
[31] have also shown a significant but weak correlation between CYP3A activity and steady-state plasma trough concentrations of (RS)-methadone, also using the 1′-hydroxy midazolam/midazolam ratio. Chalier et al. [67] failed to find a significant correlation between the in vivo activity of CYP3A indicated by the urinary 6-hydroxycortisol/cortisol ratio and dose-corrected steady-state plasma trough concentration of (RS)-methadone. However, the urinary 6-hydroxycortisol/ cortisol ratio is not considered to be a robust index of interindividual variability in CYP3A activity, despite its potential usefulness in monitoring CYP3A activity within individuals [50, [68] [69] [70] . The present study has also shown that CYP3A activity contributed more to the clearance of unbound than total methadone. This may reflect additional variability imposed on total concentrations by differences in plasma binding. In agreement with previous studies [18, 19, 21, 23, 41] , the results of present study indicate minor roles for CYP2D6 and CYP1A2 in the disposition of methadone. Although ultrarapid metabolizers with respect to CYP2D6 have been shown to have lower trough (RS)-methadone plasma concentrations compared with extensive or intermediate metabolizers, poor metabolizer status had no influence [41] . We demonstrated higher CYP1A2 activity in MMT patients, even after accounting for the effort of smoking. This could be due to enzyme induction by methadone or other drugs that MMT patients receive or to differences in smoking habits (heavier smoking in addicts). Previously, we also reported [49] a high proportion of the poor metabolizer CYP2D6 phenotype in MMT patients, explained by phenocopying due to inhibition of CYP2D6 activity by methadone and/or co-medications. CYP2B6 genotype has been found to influence trough plasma concentrations of both (R)-and (S)-methadone, whereas CYP2C9 and CYP2C19 genotypes were without effect [46] . Polymorphisms in the gene for ABCB1 transporter appear to make a small contribution to interindividual variability in methadone kinetics [41] .
A greater clearance of unbound (R)-methadone and lower trough plasma concentrations of (RS)-and (S)-methadone in MMT patients still abusing morphine is dif- Table 4 Regression equations describing relationships between oral clearance of methadone and its enantiomers and significant covariates ficult to explain on the basis of any direct influence of morphine on the metabolism of methadone, since morphine is not known to be an inducer of cytochromes P450. An indirect influence mediated by upregulation of P-glycoprotein by morphine [71, 72] modulating transporter-enzyme interplay may account for the observation. The finding that total plasma trough concentrations of (RS)-, (R)-and (S)-methadone, decreased with increase in the duration of heroin abuse, reflects a progressive decrease in oral bioavailability, increase in systemic clearance, or decrease in volume of distribution or all three.
In conclusion, CYP3A activity was shown to have a statistically significant but, on average, relatively modest influence on unbound methadone disposition in MMT patients, whereas CYP2D6 and CYP1A2 played no significant role. The use of CYP3A inhibitors and inducers should be monitored in patients taking methadone, since in some individuals the contribution of this enzyme to net methadone elimination could dominate.
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Appendix
For determining pharmacokinetic parameters of caffeine the elimination rate constant (k), absorption rate constant (ka) and a mixed function parameter 'A' were considered as primary parameters. A simplex algorithm method was used to estimate initial parameter values, and log normal distributions were assumed for all population pharmacokinetic parameters. Salivary caffeine concentrations Csaliva were described by Equation 
where 'A' is a constant defining dose and bioavailability, 'Base' is the model estimate of the baseline concentration of caffeine in saliva taken prior to the probe dose of caffeine,'t' is the time of caffeine intake,'tlag' is the lag time,'k' is the elimination rate constant and 'ka' is the absorption rate constant. The last two parameters were considered as primary parameters. The caffeine salivary half-life was directly estimated from the elimination rate constant (t1/2 = 0.693/k). The correction procedure used in this study has been recently described by Gupta and co-workers [73] .
For methadone kinetic analysis, we used first-order absorption and one-or two-compartment disposition model with similar corrections for residual concentration at the time of intake. Two compartmental disposition was found to be more suitable than the corresponding onecompartment model to describe the steady-state plasma concentrations of methadone and its enantiomers (Css) where 'D' is the dose, 't' is the time since dosing, 'k' is the elimination rate defined as CL/V and 'Base' is the model estimate of the trough concentration of methadone from the previous dose.
